Formation of the liver in zebra®sh has been analyzed during normal embryogenesis using ceruloplasmin (Cp) as a speci®c marker. The asymmetric expression of Cp has been detected in dorsal endoderm at 16 hpf and later in the early hepatic cells in the yolk sac. The liver primordium can be detected after 32 hpf. In oep 2/2 mutant, which lacks dorsal endoderm, the liver fails to form. In the notochordless¯h 2/2 mutant, the asymmetry of the liver has been lost. Therefore the notochord, dorsal endoderm and endoderm of the yolk sac play a role in liver formation in zebra®sh. q
Results
Ceruloplasmin (Cp) is the liver-speci®c blue multicopper oxidase (reviewed in Harris et al., 1997) . The use of zebra®sh as a model of human disease is increasing, but information about the early development of digestive organs is not complete (Pack et al., 1996; Warga and Nu Èsslein-Volhard, 1999) . The notochord contributes in the asymmetry of the body of vertebrates (Danos and Yost, 1996; Ramsdell and Yost, 1998) . Thus, analysis of mutants affecting formation of the notochord, such a¯h 2/2 (Talbot et al., 1995) , or its signaling, such as syu 2/2 and oep 2/2 Schier et al., 1997) , may reveal events involved in formation of the liver.
Here we present the cloning and expression analysis of zebra®sh cp gene. A single clone has been identi®ed in the EST database: (http://www.genetics.wustl.edu/®sh_lab/ frank/cgi-bin/®sh/fast_search.cgi). This clone encodes the C-terminal region of the zebra®sh Cp. The putative polypeptide deduced from DNA sequence contains 626 aa residues corresponding to the region of 442±1046 aa residues in the human Cp gene (Fig. 1) .
We reasoned that cp would provide a useful molecular marker to study development of the liver. The analysis of expression of Cp demonstrated that it is initiated soon after gastrulation in the dorsal endoderm and early hepatic cells in the yolk sac ( Fig. 2A,B) . Later expression revealed the asymmetrically located liver, which becomes detectable after 32 hpf at the A±P level of somites 1 and 2, (Fig.  2C,D ). This correlated with decrease in Cp-positive cells on the left-hand side of anterior yolk sac (Fig. 2G,H) . Importantly, the liver is an asymmetrical organ ( Fig.  2A ,C,D,F), which is obvious when compared to the pancreas that forms at the midline (Fig. 2E) . Thus, Cp is a speci®c molecular marker detecting the early hepatic cells and liver in zebra®sh.
Analysis of Cp expression in mutants h
2/2 mutants lack the notochord (Talbot et al., 1995) . In h 2/2 , expression of cp revealed a symmetrical liver (Fig.  3A,B) . Therefore, the notochord dictates a left side position of the liver. Being located much more dorsal, the notochord probably provides its input not as a barrier, but via instructive signaling (Roelink et al., 1994) , which is restrictive with respect to the liver. Our analysis demonstrated that forma- tion of the liver in syu 2/2 , where Shh is affected , has been delayed when compared with control wild type embryos. Nevertheless, Cp expression has been initiated and the liver formed (not shown), suggesting that Shh plays no decisive role in induction of expression of Cp and formation of the liver. Similarly, liver formation was delayed in the Wnt5 mutant ppt 2/2 (Rauch et al., 1997) (not shown).
The oep 2/2 mutant is lacking the¯oor plate, dorsal endoderm and its derivative the hypochord (Schier et al., 1997; Zhang et al., 1998) . Here the early hepatic cells activated expression of Cp (Fig. 3D) , but both the gut and liver were absent (Fig. 3F) . Since Oep acts as a cofactor in Nodal signaling, our analysis suggests a role for Nodal signaling in formation of the gut and liver.
Therefore, using cp as the molecular marker we detected induction of expression of Cp in cells in the endoderm of the yolk sac that has been followed by a decrease in staining on the yolk and the appearance of intense Cp staining in the liver. This may be interpreted as the induction of Cp expression in early hepatic cells that appear in the endoderm of the yolk sac and later transfer of these cells to the liver (Fig. 4) , but additional experiments involving cell fate analysis are necessary to prove this possibility. For now we conclude In contrast to the pancreas (red, proinsulin), developing at the midline ventral to the third somite, the liver (blue, cp) is asymmetric (E). The right hand side of the yolk sac (G) contained most of the Cp staining in the ventral-most layer of cells, corresponding to endoderm (H, arrows). A ®eld of cells (arrowheads in D) on the right hand side is connected to the liver (arrow) across the midline. These cells are located ventral to the foregut (fg). Cells on the left hand side form a row parallel to the trunk (C), (F, arrow). At 96 hpf Cp expression is still seen in the liver (I), which occupies its characteristic position posterior to the heart and lateral to the intestine (J). Arrowheads (E) ± somitic boundaries, white arrowhead ± anterior boundary of the ®rst somite; white arrow ± pancreas detected by expression of proinsulin. e, eye; f, pectoral ®n; i, intestine; n, notochord; ys, yolk sac. In whole-mounts anterior is to the left, unless otherwise indicated. Scale bar, 100 mm. mutant, lacking the notochord, the foregut (fg) and liver (l) develop (A,B), but the liver is symmetric and occupies a space ventral to the gut. This illustrates that the notochord plays a restrictive role in positioning of the liver. oep 2/2 mutant lacks dorsal endoderm -the hypochord. Here in absence of the gut and liver, cells expressing Cp were detected only on the yolk sac (D,F). The pericardium (pc) is free of staining. Some mutant embryos demonstrated patchy distribution of Cp-positive cells, illustrating that the mutation also affects organization of endoderm of the yolk sac (E). m, melanocytes; n, notochord; s, somite. Scale bar, 100 mm.
that, ®rstly, restrictive signals from the notochord determine the left-right asymmetry of this organ. Secondly, dorsal endoderm is essential for formation of the gut and liver. Fig. 4 . The model of liver formation in zebra®sh. At 16 hpf, the left side dorsal endoderm (de) starts to express cp in asymmetric fashion, followed by induction of cp expression in the early hepatic cells in the yolk sac endoderm. At 32 hpf the liver can be seen at the left-hand side of the trunk. The early hepatic cells in the yolk sac (black dots) are also distributed in an asymmetric manner. Later on all the yolk sac will be covered with intense Cp expression (not shown, but see Fig. 2I ) MHB, midbrain-hindbrain boundary; h, hindbrain; straight line, somite boundary.
